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Androcam is a Drosophila melanogaster calmodulin-related protein that functions specifically in the testis. We show that the Acam gene is part
of a cluster of three intronless genes arranged in a head-to-tail manner. The additional genes also encode calmodulin-related proteins with testis-
specific transcription. Acam and the 5′-most gene (gene1) generate monocistronic transcripts. Surprisingly, the central gene (gene2) is transcribed
only as a dicistronic transcript with Acam. A similar cluster is found in D. yakuba. In D. pseudoobscura, the cluster contains four genes: two
Acam-type genes downstream of a single gene related to both gene1 and gene2 and a fourth weakly related gene. Nevertheless, the D.
pseudoobscura cluster also generates a dicistronic transcript from a gene pair analogous to the gene2–Acam pair. A cotranscribed gene1/2–Acam
gene pair may be the founding feature of this locus. Although Acam protein is present in D. melanogaster and D. pseudoobscura testes, cognate
proteins for the gene1/2-type ORFs are not detectable by immunoblotting and mass spectrometry techniques.
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transcriptionThe genomes of most complex eukaryotes contain many
genes encoding “EF-hand”-type calcium-binding proteins (for
review, see [1]). Typically, the EF-hand calcium-binding motifs
are present in pairs that form discrete domains within the
protein. The best studied member of this family, calmodulin
(Cam), contains two such EF-hand pairs. Cam is highly
conserved across evolution and functions as a ubiquitous
calcium sensor protein, mediating the effects of calcium fluxes
in all cell and tissue types (for review, see [2]). Although most
of the additional EF-hand proteins present in eukaryotes
probably also function in calcium signaling, for the vast
majority, the exact molecular roles are unknown.⁎ Corresponding author.
E-mail address: kate@bioc.rice.edu (K.M. Beckingham).
† Deceased February 19th, 2005, after a 20-month battle with cancer. This
article is dedicated to her memory.
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doi:10.1016/j.ygeno.2006.04.009In plants [3] and vertebrates [4], Cam represents a small gene
family with mammalian genomes containing three dispersed
genes that all encode exactly the same Cam amino acid
sequence. In contrast, the genome of the invertebrate Drosoph-
ila melanogaster contains a single Cam gene [5]. The most
closely related gene within the Drosophila genome encodes a
protein that is 68% identical to Cam [6,7]. This level of
divergence identifies the protein as playing a role that is
distinguishable from that of Cam. Further, we have previously
established that the gene is detectably transcribed only in the
testis, indicating a distinct role in spermatogenesis [7]. We
named the protein Androcam (Acam) to reflect this testis-
specific expression.
Biophysical and biochemical studies have further distin-
guished Acam from Cam [6]. The EF hands of Acam have
calcium binding properties different from those of Cam, with
the C-terminal pair of sites showing a higher calcium affinity
than the equivalent pair in Cam and the pair in the N-terminal
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two N-terminal sites of Acam shows detectable calcium
binding. The calcium-induced conformation of Acam is also
different from that of Cam, so that Acam shows a highly
reduced affinity (at least 1000-fold lower) for the “BAA
peptide” [8] type of Cam target-binding regions [6]. It seems
clear that, although both proteins are expressed in the testis,
Acam probably performs functions that are distinct and separate
from those of Cam.
Although Cam is a relatively small protein (148 amino
acids), the Drosophila Cam gene has a typical eukaryotic gene
structure, spanning ∼20 kb and containing four introns up to
4.3 kb in length [9]. In contrast, Acam is encoded by an
intronless gene, reminiscent of other genes thought to originate
via reverse transcription of mRNA. Our initial studies
established that two transcripts are produced from this gene
[7]. One of these is an ∼0.6-kb mRNA comprising the Acam
open reading frame (ORF) and short 5′ and 3′ UTRs. We were
not able to establish the structure of the longer (1.5 kb)
transcript, although we determined that no conventional poly
(A) signal was present at the position expected for a transcript
originating at the same start site as the shorter mRNA and
simply containing additional 3′ sequences.
In pursuing the origin of this second transcript, we have
made the unexpected discovery that it represents a dicistronic
mRNA. We have established that Acam is part of a tight cluster
of three intronless genes all encoding EF-hand proteins, with the
longer Acam transcript containing the ORFs for both Acam and
the gene in its immediate 5′ flank. We present here our
investigation of the transcription, translation, and evolutionary
conservation of this gene cluster. Our studies demonstrate that
the dicistronic arrangement is conserved between D. melano-
gaster and D. pseudoobscura, species that are separated by ∼50
million years of evolution [10]. Surprisingly, however, no
translation products could be detected in the testis for either of
the two additional genes of the Acam cluster.
Results
Organization and transcription of the Acam gene cluster
With the complete sequencing of the D. melanogaster
genome, the location of the Acam gene in relation to other
transcription units was possible. The arrangement of ORFs in
the immediate vicinity of Acam is shown in Fig. 1A. As can
be seen, two intronless ORFs (termed gene1 and gene2) lie
immediately upstream of Acam. Both ORFs encode proteins
with four EF hands that are similar in length to Acam,
although they each have short N-terminal extensions (17 and
16 amino acids for the gene1 and gene2 proteins,
respectively). Sequence comparisons for these three ORFs
at the amino acid level are shown in Fig. 1B. The gene1 and
gene2 coding sequences are more closely related to one
another than to Acam, showing 65 and 57% sequence
identity at the DNA and protein levels, whereas their
corresponding similarities to Acam are 56 and 35% for
gene1 and 54 and 37% for gene2.Very short intergenic regions separate these ORFs. The
gene1 ORF is separated from the gene2 ORF by only 286 bp
and the gene2 ORF is separated from the Acam ORF by only
160 bp (Fig. 1A). For Acam, we have previously sequenced a
single cDNA clone [7] and its 5′ UTR sequences begin only
55 residues downstream of the gene2 ORF. Further, the
positioning of conventional polyadenylation motifs through-
out the gene cluster is unusual. Although both the gene1 ORF
and the Acam ORF have poly(A) signals appropriately
positioned downstream, there is no poly(A) motif between
the gene2 ORF and that of Acam (Fig. 1A). These findings
suggested that unusual transcriptional mechanisms might be
in operation for this gene cluster, with gene2 possibly
cotranscribed with Acam to produce the longer mRNA
previously detected for Acam [7].
We investigated the transcripts generated from this cluster by
three different approaches—Northern blots were used to
identify transcript lengths for each ORF; “5′ SMART RACE”
(switching mechanism at the 5′ end of the RNA transcript rapid
amplification of 5′ cDNA ends) (Clontech) was used to
investigate the 5′ termini of transcripts encoding Acam, and
finally the origins of the various cDNA’s/ESTs generated by the
Berkeley Drosophila Genome Project and stored at Flybase
(http://flybase.net) were determined. Fig. 2A shows a single
Northern blot that was hybridized sequentially to probes for
Acam, gene2, and gene1. The two classes of transcript
previously identified for Acam are present, with the lower
molecular weight class forming a more diffuse band. Analysis
of poly(A)+ RNA revealed that both transcript classes are
polyadenylated and that the ∼0.6-kb band is actually composed
of two mRNA classes with closely similar sizes (Fig. 2B). Like
Acam, both gene1 and gene2 show male-specific transcription
(Fig. 2A). Transcripts for gene1 are distinct from those for Acam
and in total RNA are present as a single broad class of ∼0.8–
1.0 kb. As for Acam, analysis of poly(A)+ RNA revealed that
this band represents two transcript classes of closely similar
size. Strikingly, in both total and poly(A)+ RNA, the gene2
probe hybridizes only to a single class of transcripts that
corresponds exactly to the longer (∼1.5 kb) transcript class seen
for Acam.
5′ SMART RACE analysis further supported the hypoth-
esis that the gene2 ORF is cotranscribed with Acam in the
1.5-kb mRNA. This technique was used to generate cDNA
clones primed at two points internal to the Acam ORF, with
5′ termini at authentic transcription start sites (see Materials
and methods). The two 3′ primers were positioned ∼85
residues from the 3′ end of the Acam ORF and ∼200 residues
farther upstream. The first primer gave final products of ∼600
and 1100 bp and the second gave clones that were ∼200
residues shorter (∼350 and ∼900 bp). When the primer
positions and poly(A) tails are taken into account, the sizes of
these products correspond well with those of the two Acam
transcript classes.
Two 5′ RACE clones of the∼350 bp class, two of the 900 bp
class, and five of the 1100 bp class were sequenced. These data
established that five clones (Nos. 1–4 and 7, Fig. 1A) have 5′
termini upstream of gene2. Their start sites are clustered at two
Fig. 1. A cluster of intronless EF-hand type protein ORFs in the D. melanogaster genome. (A) The arrangement of the gene1, gene2, and Acam ORFs in D.
melanogaster. A perfect TATA box sequence (open rectangle) is used to define nucleotide 0. Other perfect poly(A) signals and TATA box motifs are shown as closed
and open rectangles, respectively. The origins of ESTs identified by the Drosophila genome project are shown, in addition to the two classes of 5′ SMART RACE
cDNA clones generated by our work. (B) Amino acid sequence alignments of D. melanogaster Acam and the gene1 and gene2ORFs with D. melanogaster Cam. The
12 amino acids that comprise the calcium-binding regions of the four EF hands in each protein are boxed.
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alternate GATAAA-type TATA box [11] appropriately posi-
tioned upstream. These RACE clones provide convincing
evidence that Acam and gene2 are cotranscribed as a dicistronic
message and indicate that two closely positioned start sites are
used for this transcript in genomic DNA. The two shortest
clones (8 and 9, Fig. 1A) appear to represent Acam mRNAs of
the ∼0.6 kb class. Their 5′ termini are 15 residues apart in the
intergenic region between gene2 and Acam, suggesting that this
region contains a transcription start site for monocistronic Acam
mRNAs. No candidate TATA boxes are present in this region
but the longer clone (8) begins with appropriately positioned 5/6
and 4/7 matches respectively to the “Inr” and “DPE” motifs
associated with TATA-less gene transcription [12]. The two
remaining clones (5 and 6) have 5′ termini within the gene2
ORF. These could represent incomplete reverse transcripts or
additional initiation sites for rarer mRNA’s. As indicated above,
there is size heterogeneity within the shorter size class of Acam
transcripts.
We also examined the cDNA and EST sequences present
in the Drosophila database, Flybase (http://flybase.net), forfurther insight into the expression of the gene cluster. Twenty-
two sequenced cDNA/EST clones for this region were
identified. Their tissues of origin provide strong support for
the testis-specific expression of all three genes of the cluster;
17 clones derive from adult testis and 4 from developmental
stages (pupal) or larval tissue preparations (fat body, imaginal
discs) that could contain the developing testis. Only 1 clone,
annotated as deriving from an adult head library, was
exceptional, but this clone proved to be chimeric, containing
sequences from two different genes, and thus its origin is less
reliable.
Eight of the cDNA clones derive from the gene1 region
and their structure clearly indicates that gene1 is transcribed
as a separate monocistronic message (Fig. 1A). Thus although
some of the cDNAs appear to be incomplete, none of them
contain sequences that extend into gene2 or Acam. All of the
cDNAs that extend upstream of the gene1 ORF terminate
within a 20-bp region that is 89–109 residues 5′ of the
initiator ATG, suggesting a single transcription start site. The
perfect TATA box matches in the region are too far upstream
to support initiation at this point, however, and so no exact
Fig. 2. Male-specific transcripts from all genes in the D. melanogaster Acam
cluster. (A) Probes for the ORFs of gene1, gene 2, and Acam were hybridized to
samples (10 μg) of total RNA from adult males (M) or adult females (F). The
same blot was used sequentially for hybridization to each probe. The gene2
probe hybridizes to the same ∼1.5-kb band as the Acam probe. (B) Probes for
gene1 and Acamwere sequentially hybridized to the same blot of poly(A)+ RNA
(3 μg). The gene1 and smaller Acam transcript bands are each actually
composed of two classes of transcripts of very similar size (arrows).
350 P. Pavlik et al. / Genomics 88 (2006) 347–359transcription start site is particularly indicated. gene1 has two
polyadenylation sequences at its 3′ end, separated by 32 bp,
and the cDNA sequences suggest that both are used for
mRNA cleavage. This use of two cleavage sites could
generate some of the size heterogeneity detected for gene1
transcripts (see Fig. 2B). Finally, the longest gene1 cDNA
clone is ∼660 bp, a size that with a poly(A) tail would yield
the transcripts detected in blots.
None of the 22 cDNA’s found in Flybase represents
sequences derived from gene2 alone, but 4 cDNA’s appear to
derive from the predicted dicistronic mRNA. Three of these
cDNA’s (1, 3, and 4, Fig. 1A) span part of the gene2 ORF, the
intergenic region between gene2 and Acam, and part, or all, of
the Acam ORF. The fourth clone (2, Fig. 1A) begins 8 residues
downstream of the gene 2 stop codon and terminates 10 residues
before the stop codon of Acam.
The remaining 10 cDNA’s are all clones spanning the Acam
ORF alone. All of them contain incomplete versions of the 5′
UTR predicted for the ∼0.6-kb Acam transcripts, based on the
SMART RACE clones (see above). At its 3′ terminus, the Acam
gene has a single polyadenylation site and all but one of the
cDNA’s terminates within an 8-bp region, beginning 11 bp
downstream of this signal. The remaining cDNA (1, Fig. 1A)
contains an additional 67 bp of 3′ sequences, suggesting that
ragged 3′ processing might account for some of the size
heterogeneity detected for the shorter class of Acam transcripts
(see Fig. 2B). The size range for the Acam cDNAs (550–670 bp) corresponds well to the size classes detected by the
Northern blots.
In summary, all these lines of evidence lead to the same
conclusions concerning the pattern of stable transcripts
produced by the Acam gene cluster. A single monocistronic
transcript is produced for gene1, and one of the transcripts for
Acam is also monocistronic. However, gene2 is represented
only as the first ORF in a dicistronic transcript that also contains
the Acam ORF.
Search for protein products of gene1 and gene2
Given the unusual transcription pattern for this gene cluster,
we sought to determine whether either of the two new ORFs
(gene1 and gene2) produces a protein product. The proteins
encoded by the gene1 and gene2 ORFs are 57% identical to one
another, with significantly lower identity (37–45%) to Acam
and Cam. Thus, to avoid problems with cross-reactivity, we
generated antibodies for gene1 and gene2 proteins against an
18-residue region that shows only 33% identity between the two
proteins (see Materials and methods) and 33 and 44% identity to
Acam and Cam, respectively. Synthetic peptides for these
regions were used to raise polyclonal antibodies in sheep
(gene1) and rabbits (gene2).
The affinity and specificity of the antibodies were estab-
lished using bacterial lysates expressing the predicted gene1 and
gene2 proteins (see Materials and methods). From serial
dilutions of these lysates, we determined that each antiserum
was capable of detecting as little as 2–4 ng of its cognate protein
(Figs. 3A and 3B). The gene1 protein antibody showed no
cross-reactivity to the gene2 protein product but the gene2
protein antibody showed some cross-reactivity to the gene1
protein product (data not shown). Neither showed any cross-
reactivity to Acam or Cam (500 ng, data not shown), and both
showed little cross-reactivity to proteins in the bacterial lysates
(Figs. 3A and 3B).
Initially, we used the antibodies to probe blots of proteins
present in whole testes after solubilization with SDS.
However, these whole testes blots gave inconclusive results.
Neither antiserum detected a prominent band at the expected
molecular size of the cognate protein. Minor bands at the
right molecular size were present but, given that both
antisera showed a comparable level of cross-reactivity to
several other proteins of various molecular sizes, the
significance of these minor bands was questionable. To
address the possibility that some of the male specificity for
the transcripts from gene1 and gene2 might involve tissues
other than the testis, we examined somatic tissues for male-
specific protein products. Immunoblots of isolated heads,
thoraces, and abdomens from both sexes displayed cross-
reacting bands of a range of sizes, but these were identical
for the two sexes (data not shown). These findings
reinforced our interpretation that, as for Acam, the sex-
specific transcription of these genes reflects expression in the
testis, and we therefore focused on a more detailed analysis
of candidate proteins from this tissue. Large batches (<1200
testes per batch) were subjected to fractionation with
Fig. 3. Characterization and use of gene1 ORF and gene2 ORF antibodies to probe for translation products. (A) Left: Expression of recombinant gene1 protein in
bacterial cells. A Coomassie brilliant-blue-stained SDS–PAGE gel with lysates of uninduced (U) and induced (I) cultures carrying the gene1 expression vector (see
Materials and methods). Arrow indicates gene1 protein. MW, molecular weight markers. Purified Acam protein in the presence of 6 mM EGTA (E) or 6 mM calcium
chloride (Ca2+) is included to show the calcium-induced shift in mobility (see text). Right: Titration of the gene1 peptide antibody. An immunoblot of the antibody
reaction to the gene1 uninduced bacterial culture (U) and to a titration curve of dilutions of the induced bacterial culture. Scanning densitometry with purified Acam as
a standard was used to determine the levels of gene1 protein in aliquots of the induced lysate shown in A. The dilutions shown on the immunoblot contain the following
amounts of gene1 recombinant protein: 1, 128 ng; 2, 64 ng; 3, 32 ng; 4, 16 ng; 5, 8 ng; 6, 4 ng; and 7, 2 ng. In the original autoradiogram, a gene1 protein band is visible
at all these dilutions. (B) Left: Same as for A, but showing induction of recombinant gene2 protein. Right: As for A but showing titration of the gene2 antibody.
Dilutions on the blot contain the following amounts of gene 2 protein: 1, 250 ng; 2, 125 ng; 3, 62 ng; 4, 31 ng; 5, 15 ng; 6, 8 ng; 7, 4 ng. A gene2 protein band was
visible at all these dilutions. (C) Purification of the gene1 antibody-reacting protein from a low-salt testes extract. Immunoblots showing: 1, gene1 recombinant protein
in bacterial lysate; 2, low-salt testes extract showing appropriate molecular weight (∼20 kDa) band; 3, same extract after passage over immobilized anti-gene1 peptide
antibody; 4, reacting protein eluted from the immobilized gene1 peptide antibody; 5, immunoreactive molecular weight markers; 6, same as 1. The Coomassie blue-
stained band corresponding to the reacting band in 4 was excised from the gel and used for MALDI-TOF analysis (see text). (D) Purification of gene2 antibody-
reacting protein from a high-salt testes extract. Immunoblot showing: 1, reacting band of appropriate molecular size from high salt extract, after concentration by TCA
precipitation; 2, molecular weight markers. The Coomassie blue-stained band corresponding to the 20-kDa reacting band was excised from the gel and processed for
MALDI-TOF analysis.
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fractions for proteins that could be characterized by mass
spectrometry following tryptic digestion.
For gene1, we established that a reacting protein of the
correct molecular size could be extracted from testes with a low-
salt (50 mM NaCl) buffer. It was purified from other cross-reacting bands in this low-salt extract using immobilized gene1
peptide antibody (see Materials and methods) followed by SDS
gel electrophoresis and excision of the appropriate stained band
(Fig. 3C). The protein was then identified by MALDI-TOF after
tryptic digestion (see Materials and methods). This analysis
established that the ∼20-kDa species reacting with the gene1
352 P. Pavlik et al. / Genomics 88 (2006) 347–359antibody in testis extracts was ribosomal protein L14 and not
the gene1 protein product.
For gene2, the prime candidate ∼20-kDa protein could be
extracted from the testes only with high-salt (2 M NaCl)
solutions. After concentration by TCA precipitation, this
protein was also subjected to SDS gel electrophoresis (Fig.
3D), excision of the appropriate band, tryptic digestion, and
MALDI-TOF (see Materials and methods). The major protein
detected in the gel slice was the product of a novel gene (CG
17472). A second protein, representing a minor fraction of the
protein in the gel slice was also indicated to be present, based
on weak detection of several characteristic peptides. This
protein derives from the male-specific transcript gene 35Bb
(CG 4478), which encodes a testis-specific DNA binding
protein. No peptides representative of the gene2 protein
product were detected.
In a final attempt to detect protein products from the two
genes, we used the antisera for immunolocalization in testes.
The gene1 antibody showed punctate staining in the large nuclei
of the primary spermatocytes (data not shown). However, even
stronger nuclear staining was detected in several somatic
tissues, particularly the accessory glands and the Malpighian
tubules. More importantly, staining of somatic nuclei in the gut,
Malpighian tubules, and visceral muscles was seen in female
tissues as well as male tissues. Thus, although this nuclear
staining was not detected with the preimmune serum, given that
the gene1 transcripts are adult male specific (see above), it must
represent nonspecific cross-reactivity to unrelated proteins. As
indicated above, the immunoblots showed cross-reactivity to
other Drosophila proteins. The gene2 antibody produced
diffuse staining throughout the testes and in several somatic
tissues tested and again, similar staining was seen with female
tissues (data not shown). These immunolocalization studies thus
reinforce the evidence from the immunoblots and proteinFig. 4. Acam gene clusters in three Drosophila species. The arrangement of Acam, ge
scale. GeneX, which is present only in the D. pseudoobscura genome, shows low seq
signal motifs are shown as indicated. The positions of two probes generated to test f
yakuba; m, D. melanogaster; ps, D. pseudoobscura.isolation work that translation products from the gene1 and
gene2 ORFs are rare or absent from the testes.
Evolutionary conservation of the Acam gene cluster
The recent sequencing of several additional Drosophila
genomes allowed us to determine whether the unusual features
of the Acam cluster show evolutionary conservation. We
focused on the genomes of D. yakuba and D. pseudoobscura.
These two species diverged from D. melanogaster ∼10 and
∼25–50 million years ago, respectively [13], and therefore
provide information on evolution over two different time
periods. In both organisms, a comparable gene cluster was
identified, positioned on the chromosome arm equivalent to
chromosome 3R in D. melanogaster—that is, the chromosome
arm on which the Acam cluster is located. In D. yakuba, the
cluster is highly conserved, showing exactly the same
arrangement of ORFs, conventional TATA boxes, and poly(A)
signals as seen in D. melanogaster (see Fig. 4). Sequence
conservation at both the nucleotide and the amino acid level is
very high for all three ORFs (84–97%, Figs. 5A and 5B).
Notably, however, conservation of the Acam ORF is highest, by
5% or more.
In D. pseudoobscura, the cluster shows significant differ-
ences in structure. A tandem array of four—as opposed to
three—intron-free genes is present (Figs. 4 and 5). The first
ORF of this set, which has no obvious homolog in the other
genomes (only 23–38% identity at the protein level to any of the
other ORFs), has been termed geneX (Fig. 4). In contrast to the
clusters in D. yakuba and D. melanogaster, the other three
ORFs consist of: (a) one ORF with comparable levels of
similarity (58–60% identity at the protein level) to gene1 and
gene2 of the other genomes, which we have therefore termed
gene1/2, and (b) two ORFs with comparable levels of similarityne1, and gene2 homologs in three species of Drosophila. The maps are drawn to
uence identity to the other genes. Perfect matches to the TATA box and poly(A)
or transcription of spacer regions are shown (see text). Prefixes as follows: y, D.
Fig. 5. Sequence identity of ORFs within Acam gene clusters in three Drosophila species. (A) Nucleotide identity (%). (B) Amino acid identity (%). Prefixes as in
Fig. 4.
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protein level), which we have termed Acam1 and Acam2.
Given the great similarity of the D. yakuba and D.
melanogaster gene clusters, we assume that similar patterns
of transcripts are produced from them both. For the D.
pseudoobscura cluster, Northern blots using probes specific
for all four ORFs were used to investigate transcript patterns
(Fig. 6). geneX produced a single ∼1.1-kb mRNA species, and
perfect TATA box and poly(A) signals are appropriately
positioned around this ORF to produce an mRNA of this size.
The two Acam-like ORFs are so similar that probes for these
regions showed identical patterns of transcripts—a small
(∼0.8 kb) abundant transcript and a larger minor species of
∼1.3 kb. Examination of possible transcription regulatory
signals around the two Acam-like genes did not help to resolve
the issue of whether only one or both genes are transcribed to
produce the small class of Acam transcripts; close matches toFig. 6. Transcripts from theD. pseudoobscura Acam cluster. Probes for the gene region
see Materials and methods). Spacer, spacer probe 1 (see Fig. 4). M, total male RNA;the TATA and poly(A) consensus sequences are suitably
positioned around both so as to produce an ∼0.8-kb poly(A)+
transcript.
Strikingly, the gene1/2 probe detected a single transcript
of size identical to that of the minor 1.3-kb mRNA species
detected with the Acam ORF probes. This finding immedi-
ately suggests that the gene1/2 ORF of D. pseudoobscura is
transcribed as a dicistronic mRNA with Acam, as is seen in
D. melanogaster. Although no perfect transcription start and
stop consensus sequences are found flanking gene1/2 and
Acam1, a close TATA box match (TAAAAA) and a known
alternative poly(A) signal (AATACA) [14] are appropriately
positioned to give an ∼1.3-kb transcript. However, given the
presence of two adjacent Acam ORFs in this cluster, an
alternative origin for this transcript might apply: the minor
transcript could represent a dicistronic mRNA for the two
Acam genes and the spacer between them. To resolve thiss indicated were hybridized to blots ofD. pseudoobscura total RNA (12μg/lane—
F, total female RNA; M-T, total RNA from males after removal of testes.
Fig. 7. Testis-specific Acam protein expression in D. pseudoobscura. Samples
of intact males (M), intact females (F), isolated testes (T), and male carcasses
with the testes removed (M-T) from both D. pseudoobscura and D.
melanogaster were subjected to SDS–PAGE in parallel with purified
recombinant Acam protein (A). The immunoblot was reacted with Acam
specific antiserum RU-158 (see Materials and methods).
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gene1/2 ORF and the Acam1 ORF (probe spacer 1, see Fig.
4) and (ii) the two Acam ORFs (probe spacer 2, see Fig. 4)
and hybridized these to Northern blots. The spacer 2 probe
produced no detectable signal. The spacer 1 probe
hybridized strongly to a 1.3-kb transcript (Fig. 6). To
make a suitable primer to generate the spacer 1 probe, 22
residues of the Acam1 ORF were incorporated into this
probe. As a result, some hybridization was also seen to the
smaller, major Acam transcript. Nevertheless, the relative
levels of hybridization to the two transcripts make it clear
that the strong hybridization to the minor transcript reflects
the presence of spacer 1 sequences in this class of RNA. We
conclude that, despite the differences in the overall
architecture of the gene cluster, a pair of ORFs homologous
to the gene2/Acam pair in D. melanogaster has been
conserved in D. pseudoobscura and that the unusual
transcription pattern, which produces a dicistronic transcript,
has been conserved for this gene pair.
The region of the gene1 and gene2 ORFs used to make
peptide antibodies (see above) is only 33–44% conserved in
the D. pseudoobscura gene1/2 ORF and therefore no
attempts were made to try and detect a gene1/2 protein
product with these antibodies. However, given the high
conservation of the Acam protein coding sequence in both
Acam1 and Acam2 of this species we were able to
investigate the protein expression of these genes with our
D. melanogaster Acam antibodies. As shown in Fig. 7, we
established that Acam protein (from either Acam1 or Acam2
or both) is expressed specifically in the testis, as in D.
melanogaster.
Discussion
A cluster of expressed pseudogenes
Calmodulin is an ancient, ubiquitous, eukaryotic protein
that in multicellular organisms such as Drosophila is encodedby a “typical” gene with an intron/exon structure [9]. In all
three Drosophila species investigated, the genes of the Acam
cluster are intronless ORFs with homology to Cam, arranged
in a close-packed, head-to-tail, manner. One mechanism that
can be proposed for the origin of the Acam cluster therefore is
that the founding (pseudo)gene of the cluster arose as a result
of reverse transcription of a Cam transcript followed by
integration into the genome. Subsequently, gene duplication
events would produce further members of the cluster, which
could then diverge in sequence. Previous studies have
established that an unexpectedly high proportion of testis-
specific genes are clustered in the D. melanogaster genome
[15]. A significant fraction of these clusters contain highly
related genes (paralogs), leading to the proposal that a
common mechanism for their generation involves local
duplications (including regulatory elements) followed by
divergence. The structure of the Acam cluster is clearly
consonant with this model.
Further, the actual gene arrangements seen in the Acam
cluster in the three species examined suggest the order in
which gene duplication events occurred. Thus, both the three-
gene “yakuba/melanogaster” type clusters and the four-gene
“pseudoobscura” type cluster each contain a distinctive gene
pair consisting of a gene1/gene2-type ORF and an Acam ORF
arranged so that they give rise to a dicistronic transcript. If
this pair were the first to be generated, a duplication of one of
these genes (the gene1/2 type gene) in the common parent of
D. yakuba and D. melanogaster would produce the
arrangement seen in these two species, and a duplication of
the other gene (the Acam gene) in the lineage that gave rise to
D. pseudoobscura would generate most features of the
arrangement seen in this species. Only the origin of geneX
in D. pseudoobscura is not explained by this scheme. This
gene is much less similar to the remaining members of the
cluster. Interestingly, for the Adh and Adhr gene pair of D.
melanogaster, which is also transcribed as a dicistronic
mRNA, evolutionary studies have led to the conclusion that
the dicistronic transcript is the primitive initial arrangement
and that later events have produced the separate monocis-
tronic transcripts and additional duplicated monocistronic
genes seen in other Drosophila species [16].
Given that all genes in the Acam cluster are expressed in
the testis, we investigated the possibility that elements
conferring testis-specific expression on other genes might be
present near the predicted transcription start sites in the gene
cluster. To date only a single such regulatory element has
been identified—the 14-bp β2UE1 sequence of the testis-
specific β2 tubulin gene [46]. This element shows 86%
conservation between the D. melanogaster and the D. hydei
β2 tubulin genes, and its position in the 5′ flank (−38 to
−51 bp upstream of the transcription start site) is critical for
its regulatory function. Although we could find matches
varying between 57 and 78% in identity to this sequence
throughout the Acam clusters of D. melanogaster, D. yakuba,
and D. pseudoobscura, none of these matches was
appropriately positioned or conserved in location between
the three species.
355P. Pavlik et al. / Genomics 88 (2006) 347–359The dicistronic transcript
Polycistronic mRNAs are highly unusual in eukaryotes
[17]. Nevertheless, dicistronic transcripts have been identified
in vertebrates [18,19], plants [20], fungi [21], and Drosophila.
Previously, 8 examples of transcripts containing two ORFs of
greater than 50 codons have been reported for Drosophila
[22–29] and the Drosophila genome annotation project has
provided evidence for perhaps as many as 40 more such
transcripts [30]. Interestingly, the dicistronic transcript we
identify here, from gene2 and Acam, was not detected by this
genome annotation work, suggesting there could be more
examples yet to be discovered. The ribosome scanning model
of translation initiation in eukaryotes posits that translation
will begin at the first AUG encountered as the 40S subunit
scans the mRNA from the 5′ end and, in essence, precludes
the translation of two large ORFs on a single transcript [31].
For most of the published examples of dicistronic mRNAs,
definitive evidence that both ORFs in such a transcript are
actually used for translation is lacking. Further, available
evidence makes it clear that in most cases, use of both ORFs
in the dicistronic transcript is not necessary. Thus, for
example, at the serendipity locus, all ORFs present in the
dicistronic mRNAs are also represented by monocistronic
transcripts [25]. In a more complex situation at the MOCS1A/
MOCS1B locus, only the upstream ORF for MOCS1A appears
to be translated from the dicistronic transcript and the
MOCS1B function is provided by a fusion protein made
from both ORFs as a result of alternative splicing to remove
the stop codon terminating MOCS1A [28]. However, for at
least four loci in Drosophila—the Adh/Adhr locus [24], the
stoned and Snapin loci [32], and the Skeletor locus [29], there
is clear evidence that the downstream ORF of a dicistronic
transcript is actually translated.
At the Acam locus, the dicistronic transcript is the only
mRNA containing the gene2 ORF, but as discussed below, we
have been unable to detect the protein product of this gene.
Acam, the downstream ORF, is also represented by a
monocistronic transcript and thus the use of either ORF in
this dicistronic transcript for protein synthesis is moot.
However, given the examples described above, precedent
suggests the downstream Acam ORF in this mRNA could be
translated. At the stoned and Snapin loci, the upstream ORF
is completely devoid of internal methionines, and translation
of the downstream ORF has been convincingly shown to be
the result of failed initiation at the single initiator AUG of the
upstream ORF followed by ribosome scanning along the
mRNA to the initiator AUG of the second ORF [32].
However, this mechanism can be ruled out for the gene2 and
Acam ORFs. Although residues immediately 5′ of the Acam
initiator AUG are a closer match to the consensus for
ribosome initiation in Drosophila [33] than the initiator AUG
of gene2, there are at least 12 ATGs present in the gene2
ORF and at least one of these has a good match to the
Drosophila ribosome initiation consensus. At the Adh/Adhr
and Skeletor loci, the use of an internal ribosome entry site
(IRES) that would allow ribosomes to bind the transcriptimmediately 5′ of the downstream ORF AUG has been
postulated [24,29]. The unusually long 5′ UTRs of the
Antennapedia and Ultrabithorax genes of Drosophila have
been shown to contain such sequences [34] and thus
precedent for this mechanism of translation initiation exists
in Drosophila. No common sequence or tertiary structure has
been identified for IRES sequences, however, precluding the
possibility of looking for such a sequence in the gene2/Acam
dicistronic transcript sequences.
Does evolutionary conservation at the Acam locus indicate
functionality?
For Acam itself, the evolutionary comparisons performed
here provide strong evidence for a conserved testis-specific
function of the protein. The Acam ORFs present in the other
species examined show a very high level of evolutionary
conservation. This conservation allowed us to use our D.
melanogaster Acam antibodies to demonstrate testis-specific
expression of Acam protein in D. pseudoobscura. Even within
the Acam protein structure, these evolutionary comparisons
reinforce our earlier predictions concerning the function of the
protein. Thus, the three EF hands of Acam (sites 1, 3, and 4)
predicted to be functional binding sites [6] show strong
conservation of critical residues within the calcium binding
loops, whereas the fourth putatively nonfunctional site (site 2)
shows poor evolutionary conservation. One aspect of the Acam
ORFs is unresolved by our studies, however. Although our data
demonstrate that the Acam ORF adjacent to the gene1/2 ORF in
D. pseudoobscura is transcribed, given the extreme similarity of
the two Acam ORFs present in this species, our data do not
establish whether both Acam ORFs in this organism are
transcriptionally active. In contrast to the situation in D.
melanogaster, it is possible that the smaller Acam transcript
seen in this species actually derives from the second Acam ORF
present in its gene cluster, as opposed to the one used to
generate the dicistronic mRNA.
Although our data provide no compelling argument that the
dicistronic transcript has a function, the evolutionary compar-
isons suggest that the arrangement of two ORFs linked in a
single transcription unit arose as an early feature of this locus
and that this feature has been conserved for approximately 50
million years. Further, in D. pseudoobscura, this dicistronic
arrangement is the only one that could produce a gene1/2-type
protein. It is worth considering therefore, how rigorously we
have excluded the possibility that a gene2-type protein is
generated from this transcript. Although our gene2 antibody has
high specificity for the protein on immunoblots, we are not able
to detect the protein in whole testes or testes extracts of D.
melanogaster. Similarly, Brogna and Ashburner [24] were
unable to detect a protein product for the Adhr gene, the
downstream ORF of the Drosophila Adh/Adhr dicistronic
transcript, by use of immunoblots. However, the existence of
null mutations for the Adh/Adhr locus allowed them to
demonstrate weak but specific immunostaining of ADHR
protein in certain tissues. The lack of null mutations for the
Acam cluster combined with the problem of nonspecific
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given our knowledge of Acam levels in the testis [7] and the
affinity of the gene2 antibodies, we can at least put an upper
limit on gene2 protein abundance in the testis and relate this to
Acam levels. We thus calculate that gene2 protein cannot be
present at levels greater than ∼5 pg per testis or ∼0.2% of the
levels of Acam. Similar calculations apply to gene1 protein, for
which the upper limit is 2.5 pg per testis, 0.1% of Acam levels.
It is certainly possible, therefore, that the gene1 and gene2
proteins are rare components of the testis. Other aspects of the
gene1 and gene2 transcripts reinforce the hypothesis that gene1
and gene2 proteins would be much less abundant than Acam.
Our Northern blots demonstrated that transcripts containing
gene1 and gene2 ORFs are less abundant than the monocis-
tronic transcript for Acam. Further, it is clear that the Acam
AUG is preceded by a better match to the optimal Drosophila
translation initiation sequence [33] than the gene2 or gene1
AUG.
The gene1- and gene2-type ORFs in the cluster show
significantly less evolutionary conservation than the Acam
ORFs. Thus, the two D. pseudoobscura Acam ORFs show
∼80% identity at the amino acid level to the D. melanogaster
and D. yakuba Acam sequences, but the gene1/2 ORF of D.
pseudoobscura is only ∼60% identical to the equivalent
sequences in the other genomes (Fig. 5B). Nevertheless,
despite divergence, the gene1/2-type ORF has remained intact
with no introduction of stop codons for over ∼50 million
years. Again, these observations argue for functionality. If the
various gene1/gene2 ORFs were translated, what could be
predicted concerning their functions? The most distinctive
features of these putative proteins compared to Acam and Cam
are their 16/17-amino-acid extensions at the N-termini, which
show high evolutionary conservation in the three Drosophila
species (Figs. 8A and 8B). Similar N-terminal extensions are
the defining characteristic of centrins, a subfamily of EF-hand
proteins with essential roles in centrosome and basal body
function [35,36]. Another feature shared with some centrins
[37] would appear to be the presence of some nonfunctional
calcium-binding sites. Thus, at the five most conserved
positions within the 12-residue metal binding region of EF-
hand motifs [38], only site 3 of gene1 and site 3 of gene2 show
good sequence conservation. Limited calcium-binding capacity
probably underlies a further property of the recombinant gene1
and gene2 proteins that we have identified: in contrast to many
EF-hand proteins (for example, Acam, Figs. 3A and 3B), the
recombinant gene1 and gene2 proteins do not show a calcium-
induced increase in SDS–PAGE mobility (data not shown).
Again this is a property shared with some centrins [39]. In this
context, it is of interest that murine centrin 1 is testis-specific
and is expressed from an intronless gene probably generated
by reverse transcription [40].
Materials and methods
Fly stocks
Cultures of D. melanogaster and D. pseudoobscura were raised on standard
Drosophila cornmeal-based medium.RNA preparation and Northern blots
Tissues were dissected into ice-cold PBS (160 mM NaCl, 7 mM
Na2HPO4, 3 mM KH2PO4, pH 7.5). Total RNA was prepared using Trizol
(Life Technologies) or by modification of the extraction protocol of Chirgwin
et al. [41] using a guanidinium hydrochloride homogenization buffer (7.5 M
guanidinium hydrochloride, 0.025 M sodium acetate, 0.5 mM DTT, 0.5% N-
laurylsarcosinate, pH 7.0). After phenol/chloroform extraction and precipita-
tion with 20 mM acetate/33% ethanol, the pellet was redissolved in the
homogenization buffer and LiCl was added to 4 M to solubilize
glycoproteins. The insoluble RNA precipitate was pelleted, washed with
ethanol, dried, and dissolved in gel loading buffer. Poly(A)+ RNA was
purified from total RNA using the PolyA Tract mRNA Isolation System III
from Promega. RNA was fractionated on 1% formaldehyde agarose gels, and
RNA blots were prepared as described for GeneScreen (Dupont). GeneScreen
or nylon (Ambion) membranes were used for blot preparations. RNA was
crosslinked to the membrane with a UV Stratalinker 2400. Membranes were
stained with methylene blue and the intensity of the three rRNA bands (18S
RNA and 28S RNA α and β fragments) was used to assess sample loading
and integrity [42]. DNA fragments for radiolabeling were generated by
restriction enzyme digestion or by PCR. Fragments were excised from gels
and 32P-labeled using the Strip-EZ DNA protocol of Ambion, Inc., or a
random priming procedure (Promega). Probes were hybridized to blots as
recommended for GeneScreen (Dupont). Blots were exposed to phosphoi-
mager plates (Fuji) or Kodak film at −80°C as required and stripped for reuse
by the Strip-EZ DNA protocol.
Identification of the 5′ sequences of Acam mRNAs
The 5′ ends of Acam mRNAs were identified using the 5′ SMART
RACE cDNA kit from Clontech. Two aspects of this technique are
designed to ensure that the initial cDNAs generated for amplification
extend to true 5′ termini: (i) the protocol is optimized to prevent premature
termination of reverse transcription and (ii) the 5′-end second-strand primer
is complementary to the run of dC’s added at the 5′ cap by the reverse
transcriptase used (from Moloney murine leukemia virus). Poly(A)+ RNA
samples (1 μg) from adult D. melanogaster (Clontech) were used to
prepare 5′-RACE-ready cDNA samples. RACE amplification was then
performed using an Acam-specific primer (5′-CTCCGTTGGATTCTGGCC-
CAAGGTGCGC-3′) and the SMART RACE Universal Primer (UPM). A
second amplification using a nested reverse primer ∼200 residues upstream
(5′-CTCCTCGTCGGTGACCTTTTCGCCCAG-3′) and the nested SMART
RACE UPM was also performed. Final cDNA products were cloned into
the vector pCRII-TOPO using the TOPO-TA Cloning Kit (Invitrogen), and
a subset (see Results) was sequenced.
Antibodies and immunoblots
An 18-residue peptide, MLSVAHYPSDMELQEIQA, representing a region
of the gene2 ORF between EF-hands 1 and 2, was synthesized by the Biocarta
Co. (Carlsbad, CA, USA) and used to prepare a rabbit polyclonal antiserum that
was purified by protein G affinity chromatography before shipment from the
supplier. An 18-residue peptide, LRAVAHNPPENEIQDYIT, representing the
equivalent region of the gene1 ORF, was synthesized by Bethyl Laboratories,
Inc. (Montgomery, TX, USA) and used to prepare a sheep polyclonal antiserum.
The antibodies were affinity purified against the immobilized peptide before
shipment from the supplier. The rabbit polyclonal antiserum RU-158 against
Acam has been described previously [7]. For blots, samples were boiled in SDS
loading buffer (50 mMTris, pH 6.7, 100 mMDTT, 2% SDS, 0.1% bromophenol
blue, 10% glycerol) for 10 min, then resolved on 15% SDS–PAGE gels, and
transferred to PVDF membranes (Bio-Rad) electrophoretically [43]. Pure Cam
and Acam, prepared as described previously [44,6], were also boiled in SDS
loading buffer and run in parallel with samples. EDTA (6 mM) was routinely
added to the SDS loading buffer to convert all Cam or Acam to the Ca2+-free
form, but in some experiments 6 mM CaCl2 was added to the loading buffer to
generate the Ca2+-bound form. Immunoblot analyses were performed essentially
as described previously [43]. Peroxidase-conjugated goat anti-rabbit-IgG
(Sigma) or peroxidase-conjugated donkey anti-sheep IgG (Sigma) was used as
Fig. 8. Comparison of the protein products of the Acam cluster genes from threeDrosophila species. Amino acid alignments for ORFs of the (A) gene1, (B) gene2, and
(C) Acam classes from D. melanogaster (prefix m), D. yakuba (prefix y), and D. pseudoobscura (prefix ps). The calcium-binding region of each EF hand is boxed.
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Chemiluminescence systems (Pierce SuperSignal West Dura or SuperSignal
West Pico) were used for signal detection. Blots were stripped by incubating in
50 mM Tris, pH 6.8, 100 mM β-mercaptoethanol, 2% SDS for 30 min at 37°C.
Bacterial expression of gene1 and gene2 ORFs
Primers immediately upstream and downstream of the ORFs for gene1 and
gene2 were used for PCR followed by cloning of the PCR fragments into vector
pCR2.1 (Invitrogen). For both genes, sequencing was used to identify clones
with no sequence errors and oriented with the 3′ terminus of the gene adjacent to
the XhoI site in the vector polylinker. In both gene1 and gene2, the initiator ATG
codon is contained within an NcoI site (CCATGG). Each gene could therefore be
transferred to the expression vector pET15b (Novagen) as an NcoI/XhoI
fragment. Using this pair of sites, the ORFs are expressed using their own start
and stop codons and therefore without N- or C-terminal tags. The constructs
were transformed into the host cell line BL21(DE3), and expression was induced
with IPTG.
Fractionation of testes and analysis of antibody-reacting proteins
Testes were dissected out in PBS, transferred immediately to tubes chilled on
dry ice, and stored at −80°C prior to extraction. Testes were homogenized in
low-salt buffer [50 mMNaCl, 50 mMMops, pH 7.5, 5 mM EDTA; 0.1% Igepal,
5 mM DTT, 1 mg/ml Pefabloc, and Roche protease cocktail inhibitor (one tablet
per 10 ml buffer)] using 200 μl per 1200 testes, and the supernatant was removed
after brief centrifugation. Four further low-salt homogenizations/extractions
were performed and the supernatants were pooled as the “low-salt” extract. This
procedure was repeated using buffers with 500 mM (medium-salt extract) and
2 M NaCl (high-salt extract). The final pellet was solubilized in SDS sample
buffer. A protein that reacted with the gene1 antibody in immunoblots was
purified from the low-salt extract by binding to the gene1 peptide antibody.
Primary amines were removed from the gene1 antibody by dialysis against PBS
(2× 2 L). Dialyzed gene1 antibody (244 μg) was then crosslinked to Seize resin
(Pierce) and incubated with the pooled low-salt extract overnight. Bound protein
was eluted with 800 μl of 100 mM glycine, pH 2.5, and concentrated to 20 μl for
electrophoresis using a Savant SpeedVac SC100. A protein in the high-salt
extract that reacted with the gene2 antibody was prepared for electrophoresis by
precipitation of the high-salt extract with 5% TCA followed by two acetone
washes and solubilization in SDS sample buffer.
MALDI-TOF analysis of putative gene1 and gene2 proteins
The tryptic digestions and MALDI-TOF analyses were performed at the
PAN facility in the Beckman Center at Stanford University (http://cmgm.
stanford.edu/pan).
Preparation of stained protein bands for analysis
After transfer for immunoblot analysis, residual proteins in the SDS–PAGE
gels were stained with Coomassie blue. Stained bands corresponding to
antibody-reacting bands detected in autoradiograms were then excised from the
gels, rinsed multiple times with distilled water in Eppendorf tubes, and then
dehydrated at room temperature for several days. The dry gel slices were then
shipped to the PAN facility.
Tryptic digestion and MALDI-TOF analysis
Gel slices were subjected to tryptic digestion as described previously [45].
Peptides were extracted and applied to a MALDI-TOF plate as described
previously [45]. MALDI-TOF mass spectrometry (MS) was performed on an
Applied Biosystems proteomics analyzer Model 4700 using the reflector
mode to obtain monoisotopic peptide masses and tandem MS. The results
were then used to search protein and genomic databases with Mascot
software.
Peptides identified
For the putative gene1 protein product, the following peptides were
identified: ASAGPLKGR, FPYTAPTR, LNNLHLTK, SSLNDFDR,LLTIAFNTLK, IKFPYTAPTR, VLVDGPLTGVPR, SSLNDFDRFK,
LVAIVDVIDQNR. These all derive from gene CG6253, which encodes
ribosomal protein L14. A further peptide, AWIESDLK, differs at one position
from the protein sequence given for the Drosophila L14 protein in Flybase
(AWTESDLK) but this difference probably reflects a sequencing error
(misreading of a C residue as a T residue). For the putative gene2 product,
the following peptides were identified. Group (a), present at high levels—
LDTEGYFK, YLATGNAEFSR, QLLEDNITQR, WIEKVNNAAAR,
LNTLRSLISLR, FYQHQENELK, YKYLATGNAEFSR. These peptides all
derive from novel gene CG17472. Group (b), present as minor components—
AWAELPEHR, GLTEMCNHPKR, QGPVTNNAYLNFVR. These peptides
derive from CG4478, which encodes a male-specific protamine-related protein.
Analysis of Acam clusters in D. melanogaster, D. yakuba, and D.
pseudoobscura
Sequences from the D. melanogaster and D. pseudoobscura genomes were
accessed through Flybase (http://flybase.net). D. yakuba genome sequences
were accessed from the site http://www.dpgp.org/sim_yak. BLAST searches
were performed at www.flybase.net/blast or www.hgsc.bcm.tmc.edu/blast. The
Acam cluster in D. melanogaster is on chromosome 3R, positions 21617561–
21660589 in genome release 4.2.1. The D. yakuba cluster is on chromosome 3R
contig 0.84, positions 25676715–25678825, and the D. pseudoobscura cluster
is on chromosome 2, positions 23373958–23416435 in genome release 1.04.
Nucleotide and amino acid identities were analyzed with ClustalW (www.ebi.ac.
uk/clustalW). Protein alignments were performed with ClustalX, OS version,
from the University of British Columbia Bioinformatics Center (http://
bioinformatics.ubc.ca/resources/tools).
Acknowledgments
We thank Ravi Munjaal (Rice University) for advice and
help with some of the Northern blots. We are grateful to
Richard C. Winant and Michael Eckart (PAN facility,
Stanford University) for their expert performance of
MALDI-TOF analyses. We thank Sonia Bjorum (Rice
University) for help with the preparation of some of the
figures and Elizabeth McCormack (Rice University) for help
with sequence analyses and alignments. Yung-Sheng (Robert)
Lee and Michael Texada (Rice University) provided valuable
discussions. Three Rice undergraduates, Carli McGee, R.
Michelle Reith, and Amit Sharma helped with large scale
testes dissections. These studies were supported by grants
from the NIH (RO1-HD39766) and The Welch Foundation of
Texas (Grant C-1119).References
[1] S. Bhattacharya, C.G. Bunick, W.J. Chazin, Target selectivity in EF-hand
calcium binding proteins, Biochim. Biophys. Acta–Mol. Cell Res. 1742
(2004) 69–79.
[2] F. Haeseleer, Y. Imanishi, I. Sokal, S. Filipek, K. Palczewski, Calcium-
binding proteins: intracellular sensors from the calmodulin superfamily,
Biochem. Biophys. Res. Commun. 290 (2000) 615–623.
[3] N. Bouche, A. Yellin, W.A. Snedden, H. Fromm, Plant-specific
calmodulin-binding proteins, Annu. Rev. Plant Biol. 56 (2005) 435–466.
[4] R. Fischer, et al., Multiple divergent mRNAs code for a single human
calmodulin, J. Biol. Chem. 263 (1988) 17055–17062.
[5] K.E. Doyle, G.E. Kovalick, E. Lee, K. Beckingham, Drosophila melano-
gaster contains a single calmodulin gene: further structure and expression
studies, J. Mol. Biol. 213 (1990) 599–605.
[6] S.R. Martin, A.Q. Lu, J. Xiao, J. Kleinjung, K. Beckingham, P.M. Bayley,
Conformational and metal-binding properties of Androcam, a testis-
359P. Pavlik et al. / Genomics 88 (2006) 347–359specific, calmodulin-related protein from Drosophila, Protein Sci. 8 (1999)
2444–2454.
[7] A.Q. Lu, K. Beckingham, Androcam, a Drosophila calmodulin-related
protein, is expressed specifically in the testis and decorates loop kl-3 of the
Y chromosome, Mech. Dev. 94 (2000) 171–181.
[8] K.T. O’Neil, W.F. DeGrado, How calmodulin binds to its targets: sequence
independent recognition of amphiphilic alpha-helices, Trends Biochem.
Sci. 15 (1990) 59–64.
[9] V.L. Smith, K.E. Doyle, J.F. Maune, R.P. Munjaal, K. Beckingham,
Structure and sequence of the Drosophila melanogaster calmodulin gene,
J. Mol. Biol. 196 (1987) 471–485.
[10] S. Richards, et al., Comparative genome sequencing of Drosophila
pseudoobscura: chromosomal, gene and cis-element evolution, Genome
Res. 15 (2005) 1–18.
[11] P. Bucher, E.N. Trifonov, Compilation and analysis of eukaryotic POL II
promoter sequences, Nucleic Acids Res. 14 (1986) 10009–10026.
[12] T.W. Burke, J.T. Kadonaga, The downstream core promoter element, DPE,
is conserved from Drosophila to humans and is recognized by TAFII60 of
Drosophila, Genes Dev. 11 (1997) 3020–3031.
[13] J.R. Powell, Progress and Prospects in Evolutionary Biology, Oxford Univ.
Press, New York, 1997.
[14] E. Beaudoing, S. Freier, J.R. Wyatt, J.-M. Claverie, D. Gautheret, Patterns
of variant polyadenylation signal usage in human genes, Genome Res. 10
(2000) 1001–1010.
[15] A.M. Boutanaev, A.I. Kalmykova, Y.Y. Shevelyov, D.I. Nurminsky, Large
clusters of co-expressed genes in the Drosophila genome, Nature 420
(2002) 666–669.
[16] E. Betran, M. Ashburner, Duplication, dicistronic transcription, and
subsequent evolution of the alcohol dehydrogenase and alcohol dehydro-
genase-related genes in Drosophila, Mol. Biol. Evol. 17 (2000)
1344–1352.
[17] T. Blumenthal, Gene clusters and polycistronic transcription in eukaryotes,
BioEssays 20 (1998) 480–487.
[18] S.-J. Lee, Expression of growth/differentiation factor 1 in the nervous
system: conservation of a bicistronic structure, Proc. Natl. Acad. Sci. USA
88 (1991) 4250–4254.
[19] A.C. Lekven, C.J. Thorpe, J.S. Waxman, R.T. Moon, Zebrafish wnt8
encodes two Wnt8 proteins on a bicistronic transcript and is required for
mesoderm and neuroectoderm patterning, Dev. Cell 1 (2001) 103–114.
[20] M.T. Garcia-Rios, et al., Cloning of a polycistronic cDNA from tomato
encoding γ-glutamyl kinase and γ-glutamyl phosphate reductase, Proc.
Natl. Acad. Sci. USA 94 (1997) 8249–8254.
[21] K.-R. Chung, M.E. Daub, M. Ehrenshaft, Expression of the cercosporin
toxin resistance gene (CRG1) as a dicistronic RNA in the filamentous
fungus Cercospora nicotianae, Curr. Genet. 43 (2003) 415–424.
[22] D. Pauli, C.H. Tonka, A. Ayme-Southgate, An unusual split Drosophila
heat shock gene expressed during embryogenesis, pupation and in testis,
J. Mol. Biol. 200 (1988) 47–53.
[23] J. Andrews, M. Smith, J. Merakovsky, M. Coulson, F. Hannan, L.E. Kelly,
The stoned locus of Drosophila melanogaster produces a dicistronic
transcript and encodes two distinct polypeptides, Genetics 143 (1996)
1699–1711.
[24] S. Brogna, M. Ashburner, The ADH-related gene of Drosophila mela-
nogaster is expressed as a functional dicistronic messenger RNA: multi-
genic transcription in higher organisms, EMBO J. 16 (1997) 2023–2031.
[25] S. Ibnsouda, P. Ferrer, A. Vincent, Conservation of read-through
transcription of the Drosophila serendipity genes during evolution is
gratuitous, Mol. Gen. Genet. 259 (1998) 484–490.
[26] T. Niimi, H. Yokoyama, A. Goto, K. Beck, Y. Kitagawa, A Drosophila
gene encoding multiple splice variants of Kazal-type serine protease
inhibitor-like proteins with potential destinations of mitochondria,cytosol, and the secretory pathway, Eur. J. Biochem. 266 (1999)
282–292.
[27] H. Liu, J.K. Jang, J. Graham, K. Nycz, K.S. McKim, Two genes required
for meiotic recombination in Drosophila are expressed from a dicistronic
message, Genetics 154 (2000) 1735–1746.
[28] T.A. Gray, R.D. Nicholls, Diverse splicing mechanisms fuse the
evolutionarily conserved bicistronic MOCS1A and MOCS1B open
reading frames, RNA 6 (2000) 928–936.
[29] D.L. Walker, et al., Skeletor, a novel chromosomal protein that
redistributes during mitosis provides evidence for the formation of a
spindle matrix, J. Cell Biol. 151 (2000) 1401–1411.
[30] S.M. Misra, et al., Annotation of the Drosophila melanogaster euchromatic
genome: a systematic review, Genome Biol. 3 (2002) 1–22.
[31] M. Kozak, Alternative ways to think about mRNA sequences and proteins
that appear to promote internal initiation of translation, Gene 318 (2003)
1–23.
[32] A.A. Wall, A.M. Phillips, L.E. Kelly, Effective translation of the second
cistron in two Drosophila dicistronic transcripts is determined by the
absence of in-frame AUG codons in the first cistron, J. Biol. Chem. 280
(2005) 27670–27678.
[33] D.R. Cavener, S.C. Ray, Eukaryotic start and stop translation sites, Nucleic
Acids Res. 19 (1991) 3185–3192.
[34] X. Ye, P. Fong, N. Iizuka, D. Choate, D.R. Cavener, Ultrabithorax
and Antennapedia 5′ untranslated regions promote developmentally
regulated internal translation initiation, Mol. Cell. Biol. 17 (1997)
1714–1721.
[35] L.M. Rice, D.A. Agard, Centriole duplication: centrin in on answers? Curr.
Biol. 12 (2002) R618–R619.
[36] J.L. Salisbury, Centrosomes: Sifi1p and centrin unravel a structural riddle,
Curr. Biol. 14 (2004) R27–R29.
[37] E. Matei, et al., C-terminal half of human centrin 2 behaves like a
regulatory EF-hand domain, Biochemistry 42 (2003) 1439–1450.
[38] J.J. Falke, S.K. Drake, A.L. Hazard, O.B. Peerse, Molecular tuning of ion
binding to calcium signaling proteins, Q. Rev. Biophys. 27 (1994)
219–290.
[39] J. Laoukili, et al., Differential expression and cellular distribution of
centrin isoforms during human ciliated cell differentiation in vitro, J. Cell
Sci. 113 (2000) 1355–1364.
[40] P.E. Hart, J.N. Glantz, J.D. Orth, G.M. Poynter, J.L. Salisbury, Testis-
specific murine centrin, Cetn1: genomic characterization and evidence for
retroposition of a gene encoding a centrosome protein, Genomics 60
(1999) 111–120.
[41] J.M. Chirgwin, A.E. Przybyla, R.J. MacDonald, W.J. Rutter, Isolation of
biologically active ribonucleic acid from sources enriched in ribonuclease,
Biochemistry 18 (1979) 5294–5299.
[42] G.E. Kovalick, K. Beckingham, Calmodulin transcription is limited to the
nervous system during Drosophila embryogenesis, Dev. Biol. 150 (1992)
33–46.
[43] D. Hulen, A. Baron, J. Salisbury, M. Clark, Production and specificity of
monoclonal antibodies against calmodulin from Dictyostelium discoi-
deum, Cell. Motil. Cytoskeleton 18 (1987) 113–122.
[44] J.F. Maune, C.B. Klee, K. Beckingham, Calcium binding and
conformational change in two series of point mutations to the individual
calcium binding sites of calmodulin, J. Biol. Chem. 267 (1992)
5286–5295.
[45] J.T. Bechtel, R.C. Winant, D. Ganem, Host and viral polypeptides in the
virion of Kaposi’s sarcoma-associated herpesvirus, J. Virol. 79 (2005)
4952–4963.
[46] F. Michiels, A. Gasch, B. Kaltschmidt, R. Renkawitz-Pohl, A 14bp
promoter element directs the testis specificity of the Drosophila b2 tubulin
gene, EMBO J. 8 (1989) 1559–1565.
